Introduction
Successful treatment of adolescent idiopathic scoliosis (AIS) remains a complex challenge for the orthopaedic surgeon. For a good planning of the conservative or surgical treatment it is essential to understand the prognosis of the deformity. The timing of treatment is mainly dependent on the timing of the progression of the scoliotic curve.
Earlier research has shown that curve progression is primarily related to periods of rapid skeletal growth of the patient during puberty 1,2 . In order to predict the timing of curve progression, it is of great interest to predict the timing of the pubertal growth spurt in the individual patient with adolescent idiopathic scoliosis.
Furthermore, in severe scoliosis, surgical fusion is still the gold standard and for the prevention of complications like the crankshaft phenomenon 3 , the operation, if possible, has to be postponed until the pubertal growth spurt of the patient for the most part has passed.
The pubertal growth spurt is known to take place between 10 and 14 years in 95% of the girls, and between 12 and 16 years in 95% of the boys [4] [5] [6] . This range holds for a large population, but is too wide to make an accurate prediction in the individual patient.
Several methods have been studied to predict the timing and magnitude of the pubertal growth spurt in the individual child. Different maturity indicators can be used like skeletal age in different areas, the Risser sign, status of the triradiate cartilage, Tanner stage of sexual maturation, age of the thelarche and menarche, and several body length dimensions. Furthermore, the trend in total body height for an individual child can be used in a mathematical growth model to predict the timing and magnitude of the pubertal growth spurt 7 . These indicators of maturity are all signs that reflect growth or remaining growth of the patient and can be useful in predicting the timing of the pubertal growth spurt in the individual patient.
Researchers have tried to find different ways to predict curve progression in AIS as well, besides relating progression to the pubertal growth spurt. A promising method was shown b y C h e u n g e t a l 2, 8 , who found a relationship between curve progression and altered electromyography ratios of the convex and concave sides of the curve. This will be discussed later.
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This chapter provides a concise outline of several indicators of growth and curve progression in order to be able to provide a clear overview of which indicators can be useful in predicting the timing of the pubertal growth spurt and therefore the timing of possible scoliosis progression.
Skeletal age dimensions
Any skeletal region with consistent physeal markers can be determined for skeletal age. The most commonly used markers of skeletal age in patients with idiopathic scoliosis are the hand and wrist, the ossification of the iliac apophysis (Risser sign), the status of the triradiate cartilage, and the ossification of the epiphysis of the elbow.
Determination of skeletal age by hand and wrist X rays is usually done by the method of Greulich and Pyle or Tanner and Whitehouse.
The Greulich and Pyle method as originally described involves a complex comparison of all of the bones in the hand and wrist against reference "normal" radiographs of different ages. In most institutions a modified version of this technique is used, whereby the overall appearance of a given radiograph is compared with the reference radiographs and the nearest match is selected. Although this modified approach is considerably faster than the original it may be less accurate. The Tanner and Whitehouse method relies on the systematic evaluation of the maturity of all the bones in the hand and wrist. The Tanner Whitehouse classification can predict well if the patient is before or after the pubertal growth spurt. The Greulich and Pyle method of assessing skeletal age is easier to use but less precise and the atlas was compiled from radiographs made in the 1930's 9 .
The Risser sign describes the ossification of the iliac apophysis ( Figure 1 ). It continues to be an accepted prognostic sign in the evaluation of growth of patients with idiopathic scoliosis. More controversy is arising since Risser stage 1 occurs after the growth spurt in 85% of patients and the distribution is fairly wide. Its predictive value is therefore low 10, 11 . However, some recent studies showed that taking the lateral spinal X-ray in consideration as well, the accuracy of the Risser sign can be improved and it can therefore be helpful for predicting the spinal growth potential 12 . Sanders et al. 13, 14 found the status of the triradiate cartilage ( Figure 2 ) to be more predictive for the timing of the peak growth velocity of total body height, though it is only predictive whether the patient is before or after the pubertal growth spurt. Once the patient has closed triradiate cartilages, he or she is very likely past the pubertal growth spurt. However, the predictive value of open triradiate cartilages is less clear.
Fig. 2. status op the triradiate cartialge.
A different method for describing skeletal age is the Sauvegrain method (Figure 3) , in which skeletal age is determined using a scoring system for four anatomical landmarks of the elbow. At the onset of puberty, the elbow is still largely cartilaginous. Two years later, fusion of the elbow growth centers is complete. This period is critical since it is marked by the pubertal growth spurt. This method was found to be more accurate and detailed than the Greulich and Pyle atlas 15 . Furthermore, it is easier to use and it allows the evaluation of skeletal age in six-month intervals, in contrast to one-year intervals in the most commonly used methods of Greulich and Pyle, and Tanner and Whitehouse. 
Secondary sexual characteristics
Another hallmark of maturation is the development of secondary sexual characteristics, often classified by Tanner (Figure 4) . Thelarche, the first stage of secondary breast development, marks the beginning of puberty and usually takes place 1 year before the pubertal growth spurt [16] [17] [18] [19] . Girls typically experience their pubertal growth spurt between stages 2 and 3 of breast development and pubic hair development. The pubertal or Tanner stages are good measurements of maturity. Timing of menarche, the first menstrual period, can be used in girls, but most often takes place 1 year after the growth spurt and is therefore always retrospective. 
Body length dimensions
It is generally accepted that different body length dimensions each have their own typical growth pattern influenced by age-and gender-related factors. Research has been done by Welon and Bielicki 19 , Cameron et al. 21 , Dimeglio 22 , and Rao et al. 23 to the sequences of peak growth velocities of different length measurements of children from 1-18 years. They all confirm the distal-to-proximal growth maturity gradient as described by Tanner 24 . Body parts that are more distal will have their pubertal growth spurt earlier in adolescence.
However, Busscher et al. 25 showed that this growth gradient theory is not always applicable to the individual child. On average it holds for large groups, but individual variations make it less useful for predictions of the pubertal growth spurt in the individual child.
Furthermore, in order to calculate growth velocities of a body length dimension, access is needed to longitudinal growth data of the patient. Usually patients who visit the outpatient clinic for the first time do not have growth data over the last years and it takes years to gather the data.
However, a different study from Busscher et al. 26 showed that the shoe size can be helpful in predicting the timing of the pubertal growth spurt in children. Since patients and their parents can recall the course of their shoe size for the last year or two, the clinician already has some longitudinal data at the first visit. In particular the fact that the shoe size does not increase any further when the pubertal growth spurt takes place in both boys and girls can be helpful, even in the individual child.
A complete different way of predicting the timing of the pubertal growth spurt was recently shown by using a mathematical growth model 7 . A new model was presented in which a small part of the available growth velocity curve of an individual child was linked to a known generic growth velocity curve. The generic curve was shifted and stretched or shrinked, both along the age-axis (X-axis) and the height velocity axis (Y-axis). In this way, a new complete growth velocity curve for that individual child was obtained and the individual timing of the pubertal growth spurt could be determined. The results were highly promising even when using just few available growth data of an individual patient.
Electromyography of the paraspinal muscles
As mentioned earlier, Cheung et al 2, 8 found a relationship between curve progression and altered electromyography ratios of the convex and concave sides of the curve. An electromyography was made of the paraspinal muscles in order to determine the ratios of muscle activity on the convex and concave side of the main scoliotic curve.
For the electromyographic measurements, 12 EMG electrodes were placed symmetrically along the superficial erector spinae muscles at three levels, 30 mm from the midline, and parallel to the spinous processes. The electrode levels correspond to both end vertebrae of the curve (most tilted ones), and the apex vertebra.
The paraspinal activity (EMG) ratio was defined as the EMG activity of the erector spinae muscles between a convex electrode pair divided by the EMG activity between a contralateral concave electrode pair.
Enhanced EMG ratios were observed at three levels of the scoliotic curve (lower end vertebra, apex, and upper end vertebra) at the start of progressive periods. At the start of a non-progressive period, such an enhanced EMG ratio was only observed at the level of the apex vertebra 2 . 
Conclusion
This chapter provided an outline of several indicators of growth and curve progression in patients with adolescent idiopathic scoliosis. Some are useful, others are less useful. A problem in finding useful indicators for predicting the timing of the pubertal growth spurt is that several indicators are only useful for large groups of children. On average they can help, but individual variations are large and therefore predictions for the individual child are difficult.
Useful indicators should be easy to use, fast and should not place a large burden on the patient or the clinician. For example, EMG measurement of the paraspinal muscles is a highly promising method but it is fairly time consuming.
A combination of several indicators of growth and curve progression can help the orthopaedic surgeon in planning the treatment of adolescent idiopathic scoliosis in the individual child.
A combination of the Sauvegrain method for skeletal age, the Tanner stages of sexual maturation, the individual course in shoe size, and the use of a new mathematical growth model is most likely to be helpful in predicting the timing of the pubertal growth spurt and the timing of curve progression in the individual patient with adolescent idiopathic scoliosis. 
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